The hydrogen desorption properties and decomposition processes of 
Introduction
Hydrogen has attracted global attention as an alternative energy carrier with the aim of reducing society's reliance on fossil fuels.
1 Large gravimetric and volumetric capacities are important for on-board hydrogen storage systems of hydrogenpowered fuel cell vehicles.
2 Therefore, the efficient storage of hydrogen is a key technical issue that requires improvement before its potential can be realized for mobile applications.
It is widely recognized that a major scientic and technological barrier to the commercialization and market acceptance of hydrogen as an energy carrier is the lack of a cheap, safe, and easily produced hydrogen storage material with suitable hydrogen generation kinetics. 3 To date, signicant efforts have been directed toward the development of a solid-state hydrogen storage system based on coordination hydrides and related materials, which have been considered as promising storage media owing to their high hydrogen contents and the reversibility of hydrogen uptake.
4,5
Mg-based material has a high hydrogen storage capacity and good reversibility, and therefore it is an ideal option for hydrogen storage due to its abundant resources and cheap cost. The theoretical hydrogen storage density of a pure MgH 2 system is 7.6 wt%. 6 Nevertheless, the high decomposition temperature (>400 C) and slow desorption/absorption kinetics have hindered the utilization of MgH 2 in practical onboard applications. To resolve the deciencies of MgH 2 in terms of hydrogen storage, the hydrogen absorption and desorption properties were improved by many methods, such as nano-crystallization, 7, 8 catalyst doping 4, 9, 10 and reactive hydride composites (RHC). 11, 12 Among them, the RHC method was proposed to modify the reaction process by adding a reactive additive. 13 An attractive hydride composite of NaAlH 4 -MgH 2 has been developed to improve the performance of MgH 2 due to the low hydrogen desorption temperature and excellent cyclability of NaAlH 4 .
14 It has been proven that an NaAlH 4 -MgH 2 composite system enhanced dehydrogenation performance compared with ball-milled pure NaAlH 4 and MgH 2 alone.
15,16
However, the sluggish kinetics in the NaAlH 4 19 are effective in reducing the operating temperature and speeding up the reaction rate for hydrogen storage in NaAlH 4 -MgH 2 . In addition, oxides have been commonly reported to be an effective method of improving the hydrogen storage behaviors of ball-milled pure MgH 2 and NaAlH 4 alone. 10, 20 More interestingly, further enhanced dehydrogenation kinetics of MgH 2 and NaAlH 4 have been achieved by using ferrite oxides. 10, 14, [20] [21] [22] It is speculated that the intermediate compounds formed in situ play a vital role in the hydrogen desorption process. Therefore, it is reasonable to assume that ferrite oxide would show great potential as a catalyst to promote the hydrogen storage performances of the NaAlH 4 -MgH 2 system. Based on the above discussions, in this work, MnFe 2 O 4 nanoparticles prepared by an auto-combustion process are used as a catalyst to study the effect on the hydrogen storage performance of NaAlH 4 -MgH 2 by high-energy ball milling. The catalytic effect on the hydrogen storage properties of NaAlH 4 -MgH 2 composite is revealed by means of transmission electron microscopy (TEM) investigation. The dehydrogenation experiments were measured by using a Sieverts-type pressure-composition-temperature (PCT) apparatus (General Research Institute for Nonferrous Metals, China), which mainly consisted of a reactor and pressure transducer. It was heated to 450 C at a rate of 5 C min À1 in a static vacuum under a hydrogen pressure of 0.1 MPa to measure the nonisothermal desorption when the 0.3 g sample was loaded. The isothermal desorption properties of the doped samples were manipulated at 300 C under a vacuum atmosphere.
The structural characteristics of the samples aer ball milling and desorption were identied by powder X-ray diffraction (XRD, 40 kV, 300 mA, Cu Ka radiation) with the 2q angle varying from 20 to 90 at a scanning rate of 5 min À1 . X-ray photoelectron spectroscopy (XPS) was performed with a PHI-5300 spectrometer. The morphology and phase constitution of all samples aer ball milling and desorption were observed by transmission electron microscopy (TEM, Tecnai G2 F30 S-TWIN, FEI, USA) and energy dispersive X-ray spectrometry (EDX, Tecnai G2 T20, FEI, USA). Differential scanning calorimetry (DSC) experiments were conducted in a Netzsch STA 449 F5 under an argon ow rate of 50 ml min À1 from 50 to 450 C with a heating rate of 5-15 C min À1 . Furthermore, the microstructure and morphology of undoped and doped samples aer ball milling and dehydrogenation were identied by eld-emission scanning electron microscopy (FESEM, Quanta FEG 650).
Results and discussion
The nanocrystalline MnFe 2 O 4 composite was prepared by the auto-combustion process. XRD patterns ( Fig. 1(a Fig . 2 demonstrates the XRD patterns of the doped samples. In the XRD spectrum of the as-milled NaAlH 4 -MgH 2 in Fig. 2 (a), several NaAlH 4 and MgH 2 peaks can be found, indicating that there is no detectable reaction between NaAlH 4 and MgH 2 during the ball-milling process. As shown in Fig. 2(b) , a new phase, Al, was identied in the MnFe 2 O 4 -doped sample although the NaAlH 4 and MgH 2 phases still dominated the XRD pattern. This shows that a signicant amount of NaAlH 4 is still stable and only a small portion is broken down into Al during the ball-milling process. In addition, the quite broad diffraction peaks compared to the as-milled NaAlH 4 -MgH 2 suggest poor crystallization or small particle sizes. In order to investigate the effects of manganese ferrite oxide on the desorption temperature among the two hydrides, thermal desorption curves of the doped samples are compared, as shown in Fig. 3 . As can be seen in Fig. 3(d The NaAlH 4 -MgH 2 composite system is further investigated by DSC, as shown in Fig. 5 . One distinct exothermic peak and four distinct endothermic peaks are observed for the as-milled NaAlH 4 -MgH 2 ( Fig. 5(a) ) during the heating process. The exothermic peak at 168. 5 C is due to the presence of surface hydroxyl impurities in NaAlH 4 , as reported in our previous studies. 6, 20 The rst endothermic peak at 182.1 C can be attributed to the decomposition of NaAlH 4 , while the second endothermic peak at 255.9 C is due to the decomposition of Na 3 AlH 6 .
14 The last two endothermic peaks at 359.8 and 
450.1
C correspond to the decomposition of MgH 2 and NaH, respectively. 15, 16 It is notable that the endothermic peak of the melting of NaAlH 4 disappeared in the DSC proles of as-milled NaAlH 4 -MgH 2 + 3 mol% MnFe 2 O 4 in Fig. 5(b) . All four endothermic events in the case of as-milled NaAlH 4 -MgH 2 + 3 mol% MnFe 2 O 4 have been shied to lower temperature, and are, respectively, assigned to the decomposition of NaAlH 4 -, Na 3 AlH 6 -, MgH 2 -and NaH-relevant at 115.3, 160.5, 246.0 and 334.0 C.
20,24-26
The results show that NaAlH 4 and MgH 2 decomposes without melting with MnFe 2 O 4 nanoparticles at a much lower temperature. One nds that the onset decomposition temperature in the DSC curves is slightly higher than that in the PCT curves, which may be because the dehydrogenation measurements were run under different conditions in these two cases, as was the case in our previous studies.
20,22
To further investigate the effect of MnFe 2 O 4 nanoparticles on the kinetic barrier of commercial NaAlH 4 -MgH 2 , the activation energy of 3 mol% MnFe 2 O 4 + NaAlH 4 is calculated using the Kissinger method.
17 Thus, the activation energy (E a ) can be obtained from the slope on a plot of ln(bT p À2 ) versus 1000/T p from DSC curves with heating rates of 5, 10 and 15 C min À1 . Fig. 6 To understand the chemical events occurring in the ball milling and thermal desorption processes, the MnFe 2 O 4 -doped and dehydrogenated samples at different temperatures were subjected to XRD measurements, as shown in Fig. 7 . It can be seen that there is no detectable reaction between NaAlH 4 and MgH 2 at 70 C and part of the Al phase is derived from the decomposition of NaAlH 4 during ball milling. Aer heating to 120 C, the new peaks of Na 3 AlH 6 appear, while the peak of MgH 2 still exists. The fact that the peak intensities of Al increased and the peak of NaAlH 4 weakened indicated that the reaction in eqn (1) stronger and the peaks of NaH phases disappeared, indicating that the system was fully dehydrogenated. These results also conrmed that the hydrogen released in the third stage was from the MgH 2 -relevant decomposition through the reaction in eqn (2)- (4), while the decomposition of NaH in eqn (5) is related to the last stage, as illustrated below:
According to the above results, Mg 17 Al 12 and Mg 3 Al 2 phases are observed during dehydrogenation, which is in accord with literature reports. [15] [16] [17] [18] [19] 24 It is expected that the formation of the Mg 17 Al 12 and Mg 3 Al 2 phases during dehydrogenation enhances thermodynamic properties of NaAlH 4 -MgH 2 . There are some unknown diffraction peaks aer dehydrogenation at 200 C, indicating the existence of a crystallized phase. However, there are no diffraction peaks of Mn-or Fe-containing species. This is believed to be mainly because the Mn or Mn-containing phases are unknown or in amorphous state. As discussed in our previous studies, 10,20 the formation of Fe-O and amorphous Mn/ Fig. 8(a and b) . As can be seen, the Fe 2p 3/2 spectrum was registered at 710.8 eV and the Fe 2p 1/2 spectrum was registered at 724.8 eV, which indicated fully oxidized iron on the surface. 27 In addition, the Fe 2p 3/2 peak is stronger than that of Fe 2p 1/2 and its area is greater than that of Fe 2p 1/2 because Fe 2p 3/2 has degeneracy of four states while Fe 2p 1/2 has only two in spin-orbit (j-j). 28 There is a satellite line of the Fe 2p 3/2 peak around 719.1 eV. 29 The XPS peaks of Mn 2p centered at 642.8 and 653.8 eV, respectively, come from either Mn(II) or Mn(VI).
30,31 Therefore, Mn is solely bivalent according to the valence of Fe. By referring to the two-phase diagram, there were no corresponding intermetallic compounds between Fe and Mn because they could not dissolve each other. Furthermore, the satellite line of the Fe 2p 3/2 peak disappeared aer ball-milling in Fig. 8(c) , and the intensities of the peaks were weaker than the Fe 2p peaks of MnFe 2 O 4 , especially the Fe 2p 3/2 spectrum at 712.5 eV. Aer dehydrogenation at 350 C, the signal at 711.3 eV is assigned to NaFeO 2 in Fig. 8 (e) and others at 724.3 and 732.7 eV are attributed to iron oxides. 32 For Mn 2p, the peaks in Fig. 8(d) appearing at 641.3 and 653.8 eV, which correspond to MnO x /Mn phase indicated that Mn(II) or Mn(VI) had transformed into amorphous oxides aer ball-milling. However, aer heating to 350 C, the status of manganese was not affected by the desorption reaction, in Fig. 8(f) , but a slight peak appeared at 646.8 eV. Li reported that Mg 2 MnO 4 nanoparticles was observed aer milling or upon desorption reactions of Mn-based MgH 2 doped systems. 10 It is reasonable to be assume that a small amount of Mg 2 MnO 4 can also be formed in Mn-based NaAlH 4 -MgH 2 doped systems. Therefore, the unknown phases may be NaFeO 2 and Mg 2 MnO 4 , the amorphous phases may be Mn/MnO x species as well as iron oxides, which also worked together in improving dehydrogenation properties of NaAlH 4 -MgH 2 .
10,14,20
The dehydrogenation/hydrogenation properties are closely related with particle sizes and surface defects. For a better understanding of the potential destabilization mechanism of NaAlH 4 -MgH 2 doped with MnFe 2 O 4 , the FESEM images of the sample are shown in Fig. 9 . The images show that the size of NaAlH 4 -MgH 2 ( Fig. 9(a) ) is different aer milling and the particle diameters is distributed in the range of 3-5 mm. However, the particles are close together, which is not conducive to hydrogen desorption kinetics. Compared to the as-milled NaAlH 4 -MgH 2 , the particle size of as-milled NaAlH 4 -MgH 2 with 3 mol% MnFe 2 O 4 nanoparticles (Fig. 9(c)) became smaller (about 100-500 nm) and uniform. Although there are some clusters in the MnFe 2 O 4 -doped sample, the grain boundaries between the particles can be clearly seen, which proves that the introduction of MnFe 2 O 4 has brought about a decrease in the size of the particles. The rened particle size renders much shorter diffusion paths for hydrogen in the dehydrogenation/ hydrogenation process. 20, 22 This ability is one of the reasons why adding MnFe 2 O 4 nanoparticles improves the NaAlH 4 -MgH 2 kinetics, as these nanosized particles may serve as nucleation sites and create more grain boundaries at the surface of the NaAlH 4 -MgH 2 matrix. As shown in Fig. 9(b) , the particle size of NaAlH 4 -MgH 2 aer dehydrogenation has no obvious change, but its distribution is more uniform than before desorption. It can also be seen that the particle size of the MnFe 2 O 4 -doped sample aer dehydrogenation (Fig. 9(d) ) is reduced and has become uniform. Therefore, this may be the reason for a partial reversibility aer the MnFe 2 O 4 catalyst is added. It should be noted that the embedded MnFe 2 O 4 cannot be observed in the NaAlH 4 -MgH 2 surface owing to its nanoparticle size, which is consistent with the result of TEM images ( Fig. 1(b) Fig. 10 shows dark eld images, high resolution transmission electron microscopy and energy dispersive X-ray detector analyses of the as-milled NaAlH 4 -MgH 2 + 3 mol% MnFe 2 O 4 sample. In Fig. 10(a) , some black particles are homogenously distributed among the gray matrix. To determine what these particles are, corresponding EDX measurements of the black area A and the gray area B are conducted, as shown in Fig. 10(c) and (d) , respectively. For the black regions, Mn, Fe, O, Na, Mg and Al are identied by the EDS analysis, where Mg, Na and Al are derived from the basis material. However, Mn and Fe elements are detected in the gray areas, where their intensity is much weaker than in the black area. Thus, it could be deduced that the black nanoparticles are NaAlH 4 -MgH 2 and the gray nanoparticles correspond to MnFe 2 O 4 -doped NaAlH 4 -MgH 2 matrix. The values of interlamellar spacing in Fig. 10(b) are 2.51 and 1.86 nm, corresponding to NaAlH 4 and MgH 2 , respectively. In addition, the boundaries appear as a large number of defects, which will be the paths for hydrogen diffusion.
21,22
The electron micrograph of dehydrogenated MnFe 2 O 4 -doped sample is shown in Fig. 11(a) , which indicates that the catalyst is still uniformly distributed in the NaAlH 4 -MgH 2 matrix aer dehydrogenation. To further investigate the microstructure of MnFe 2 O 4 -doped sample, selected area electronic diffraction results are shown in Fig. 11(b 
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